The roles of the product of the hoxZ gene immediately downstream of the hydrogenase gene (hoxKG) in Azotobacter vinelandii were investigated by constructing and characterizing a mutant with the center of the hoxZ gene deleted. The strain lacking the functional hoxZ gene product exhibited a low rate of H2 oxidation with 02 as the electron acceptor relative to that of the wild-type strain. Nevertheless, when the enzyme was exogenously activated and methylene blue was used as the electron acceptor from hydrogenase, rates of H2 oxidation comparable to those in the wild-type strain were observed. These results suggest that the gene product of hoxZ plays a role in activating and maintaining hydrogenase in a reduced active state. The product of hoxZ could also be the linkage necessary for transfer of electrons from H2 to the electron transport chain.
The roles of the product of the hoxZ gene immediately downstream of the hydrogenase gene (hoxKG) in Azotobacter vinelandii were investigated by constructing and characterizing a mutant with the center of the hoxZ gene deleted. The strain lacking the functional hoxZ gene product exhibited a low rate of H2 oxidation with 02 as the electron acceptor relative to that of the wild-type strain. Nevertheless, when the enzyme was exogenously activated and methylene blue was used as the electron acceptor from hydrogenase, rates of H2 oxidation comparable to those in the wild-type strain were observed. These results suggest that the gene product of hoxZ plays a role in activating and maintaining hydrogenase in a reduced active state. The product of hoxZ could also be the linkage necessary for transfer of electrons from H2 to the electron transport chain.
Hydrogenase in Azotobacter vinelandii catalyzes H2 oxidation. The electrons released from H2 travel through the electron transport chain to 02. Little is known about the roles of the genes in the hydrogenase operon. The genes in the hox loci ofA. vinelandii that code for the large and small subunits of hydrogenase have been sequenced (11) . They occur as the first two open reading frames (ORFs) of the hox operon (11) . A third ORF was identified immediately downstream from the genes that code for the hydrogenase subunits. The function of the gene product from this ORF was not determined. The sequence of these three genes in A. vinelandii is similar to the hydrogenase gene sequences in other microorganisms (7, 11, 12, 15) . In Escherichia coli, the operon containing these genes is designated hya (12) . It is speculated, on the basis of amino acid sequence similarities, that the gene immediately downstream from the hydrogenase gene in E. coli (hyaC) codes for a protein involved in electron transfer or proton translocation. A role of this peptide in anchoring the structural subunits of hydrogenase to the membrane is also hypothesized (11) . The gene hoxZ in Alcaligenes eutrophus, which lies immediately downstream of its hydrogenase genes as well, encodes a protein that has a role in the processing of hydrogenase to the catalytically active form (8) . In Rhodobacter capsulatus, the product of the hupM gene was reported to be essential for hydrogenase activity in intact cells, apparently by anchoring the enzyme to the membrane and possibly by transferring electrons from hydrogenase to the respiratory chain (7) . The sequence of the first ORF downstream of the hydrogenase ofA. vinelandii is similar to the genes of E. coli (12) , R. capsulatus (7) , and Bradyrhizobium japonicum (15) and has nucleotide sequences consistent with those that code for transmembrane proteins as well (4, 11) . We have designated this ORF hoxZ (hydrogen oxidation Z) on the basis of the findings described here and the general nomenclature previously reported in the literature (7, 8) .
To test the roles of the hoxZ gene product inA. Fig. 1 ). The deletion in plasmid pAVhoxZ-was corroborated by lack of hybridization to OAV1 (TGTCGTCGTAGTCCAGCGACGAT, complementary to the left side of the deleted DNA fragment) before transformation. Isolation of plasmid DNA from E. coli JM109 cultures grown in ampicillin-LB medium and genomic DNA fromA. vinelandii cultures grown in rifampinbasal medium (1) were performed as previously described (14) . A. vinelandii DJ (hoxKGZ+), a strain with a high rate of transformation, was kindly supplied by Dennis Dean (Virginia Polytechnic Institute and State University). Plasmid pDB303 contains a 1.7-kb EcoRIA. vinelandii genomic DNA fragment that confers rifampin resistance. pDB303 was cloned into the EcoRI site of pUC8 and was also supplied courtesy of Dennis Dean. The negative control for H2 uptake was the deletion mutant A. vinelandii hoxKG, which was derived from A. vinelandii DJ after transformation with pAVhox-. pAVhox-was constructed by deleting a 1.5-kb SphI DNA fragment at the center of the hoxKG loci. DNA handling was done as previously described (14) .
Production, screening, and corroboration of the A. vinelandii mutant. Mutations were transferred to the chromosome as previously described (5) , except that cells were taken directly from 10 colonies which were made competent on a plate with no added Fe3" and Mo042-ions (5 tion) after 6 h of incubation by using the gas chromatography assay. Successfully transformed hoxZ mutant colonies were detected with a frequency of 5% in most instances. The tentative mutants were grown on rifampin-containing plates, and individual colonies were replated at least twice to ensure that the phenotype observed was from a homogeneous culture and that it was stable.
These mutants were further characterized to detect incorporation of the mutation by DNA hybridization (Fig. 1) . The genomic DNAs of an A. vinelandii hoxZ mutant and the controls A. vinelandii DJ (hoxKGZ+) and the A. vinelandii hoxKG mutant were isolated, digested with restriction enzymes HindlIl, PstI, and KIpnI, and electrophoresed in an agarose gel. The DNA was then blotted onto a nylon membrane and probed with OAV1 (Fig. 1) . The HindIII and PstI digests showed clear restriction fragment polymorphisms among the three strains. Lack of hybridization of OAV1 to the hoxZ mutant strain DNA was detected unmistakably in the PstI and KpnI lanes by the lack of hybridization to the 231-bp fragment (lane 1), while hybridization was apparent in the control strains (lanes 2 and 3) . These results indicate that the defective hoxZ gene was incorporated into the hoxZ mutant. The deletion in hoxZ was in frame, encoded a truncated protein 9.3 kDa smaller, and changed the deduced isoelectric point from 2.25 to 2.42.
Faint hybridization of OAV1 was also observed in two other fragments designated A and B. These bands were most clearly seen in the PstI digests. Bands A and B did not show polymorphisms when these three restriction enzymes were used. The difference between controls and the hoxZ mutant in hybridization intensity in the HindIlI digest could be accounted for by one of these fragments if the control strains included the sum of fragment B plus the fragment deleted in the mutant. The intensity of the upper band is weaker in the hoxZ deletion mutant, as this would include only fragment B. It is also apparent that the size of the hoxZ mutant DNA fragment is smaller than the wild-type equivalent DNA fragment, as predicted. Fragment A gave equal hybridization intensities in all three strains when digested with HindIII. We did not further characterize fragments A and B.
H2 oxidation in the wild-type and the mutant strains. The hox mutants were detected by their lowered H2 consumption rates. During the screening, the hydrogenase activity observed in independently isolated hoxZ mutant clones was less than 20% of that in the wild-type clones. To characterize the hydrogenase activity in hoxZ mutant clones further, the H2 consumption rates were monitored for up to 20 h with cells (A600 of 1.0) of the hoxZ and hoxKG mutants and the wild type (hoxKGZ+) by using gas chromatography (Fig. 2) .
The hoxZ mutant cells consistently consumed H2 at rates above those observed for haxKG mutant cells (all of the loss could be accounted for as leakage from the vials). In the positive control (hoxKGZ+), H2 was completely consumed in less than 12 h, whereas in the hoxZ deletion mutant, 44% remained at 12 h and 33% remained at the point of complete 02 depletion (at 20 h; data not shown). The difference in activity was even more dramatic after 3.5 h, when the wild type had only 36% of the H2 in the hoxKG mutant control while the hoxZ mutant still had 98% of the H2 in the hoxKG (Fig. 3 , the amperometric assay. In contrast to the w hoxZ mutant strain showed no detectable ac amperometric assay with methylene blue oi electron acceptor (Fig. 3 , second trace, prior t Na2S204). A low rate of activity was expected o the gas chromatographic assay, but it is not sl this low rate of activity was not detected abov background H2 loss observed in the amperor However, when the 02 in the reaction chamber by addition of Na2S204 and the alternate elect (methylene blue) was replenished, a high rate nase activity, nearly equivalent to that observed in the wild-type strain, was observed (Fig. 3, second whole-cell activity in the membranes isolated aerobically from wild-type cells than in the membranes isolated aerobically from hoxZ mutant cells. In five experiments, the specific activity of hydrogenase varied substantially among different batch cultures and membrane preparations. The data presented in Table 2 are from a single experiment which is representative of the other experiments. We also observed a higher proportion of the whole-cell activity in the soluble fraction of hoxZ mutant cells than in the wild-type cells (Table 2) . However, the total activity recovered in the supernatant and membranes was much lower in the hoxZ mutant-derived fractions than in the wild-type-derived fractions. Because of this low recovery of activity, it could not be concluded whether or not the hoxZ deletion had altered the partitioning of hydrogenase between the membranes and the cytoplasm.
To examine further the possibility that the hoxZ deletion had altered the partitioning of total hydrogenase protein (active plus inactive), membranes from hoxZ mutant and wild-type cells were isolated and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the separated proteins were transferred to a nylon membrane. The blot was probed with antibody raised against the large subunit of B. japonicum hydrogenase. The amounts of hydrogenase detected were similar in membranes isolated from the hoxZ mutant and the wild type (data not shown). Furthermore, activity in anaerobically prepared hoxZ mutant membranes was higher than in aerobically prepared hoxZ mutant membranes but still lower than in similarly prepared wild-type membranes (16 and 72% of the initial activity, respectively) ( Table 2 ). This indicates that the low activity observed in the membranes of hoxZ mutant cells is due to instability of the hydrogenase in these cells and not to substantially decreased association of the protein with the membranes.
DISCUSSION
The ORF immediately downstream of the genes that code for the small and large subunits of hydrogenase is essential for hydrogenase activity in the presence of 02 in cells of A. vinelandii. In R capsulatus, inactivation of the equivalent gene resulted in a hydrogenase that was active when assayed with artificial electron acceptors but was not physiologically active (7) . The mutants were unable to grow autotrophically, to recycle electrons from H2 to nitrogenase, or to respire on H2. To examine the function of the product of the comparable gene in A. vinelandii, a mutant with a hoxZ deletion in this ORF was constructed. As with the R. capsulatus insertion mutants, the A. vinelandii deletion mutant was capable of hydrogenase activity with an artificial electron acceptor (methylene blue) but required an exogenous reductant for activation (Fig. 3) . This indicates that a functional hydrogenase was expressed in the mutant and rules out a role for hoxZ in the production of active hydrogenase (e.g., processing of the hydrogenase polypeptides to form active hydrogenase). However, the hydrogenase that was expressed could not transfer electrons to 02 at rates comparable to those observed in wild-type cells. Therefore, the physiological activity of hydrogenase was impaired by disruption of the hoxZ gene product. We have considered four possible roles for the hoxZ gene product, as discussed below. Role (Fig. 3) . Activation of hydrogenase in the mutant required a supply of an exogenous reductant, Na2S204 or reduced methylene blue, which could donate electrons directly to hydrogenase. Perhaps the hoxZ gene product provides the conduit for transfer of cellular reductant to hydrogenase. In the absence of hoxZ, an artificial reductant is required to obtain full activity. It is interesting that H2 does not seem to be able to provide the reductant necessary for hydrogenase activation in the hoxZ mutant strain.
Role 2, mediation of electron flow from hydrogenase to the electron transport chain. The immediate acceptor of electrons fromA. vinelandii hydrogenase has not been identified. The possibility of a mediator unique to hydrogenase has been suggested for microorganisms with similar hydrogenases (7, 12) . If the product of the hoxZ gene serves as a mediator of electron flow from hydrogenase to the electron transport chain, then disruption of this gene product could lead to a phenotype in which hydrogenase was still produced but oxidation of H2 could not be coupled to reduction of 02.
This was precisely the phenotype we observed when a portion of the hoxZ gene was deleted. Therefore, the results support a role for the mediation of electron flow from hydrogenase to the electron transport chain.
A low rate of oxidation of H2 coupled to 02 was observed in the hoxZ mutant strain (Fig. 2 ). It appears that alternate, albeit much less efficient pathways for transport of electrons from H2 to 02 were still present in the cells. Given the ability of hydrogenase to transfer electrons to a number of acceptors (18) , it seems reasonable that hydrogenase could transfer electrons to a nonspecific electron mediator in the cells (e.g., cytochrome or quinone) which could in turn transfer electrons to the electron transport chain. Another possibility is that additional genes are present in A. vinelandii that produce gene products that can substitute for the hoxZ gene product.
Role 3, stabilization of hydrogenase. In strains of R. capsulatus with a defective hupM gene product, hydrogenase was very unstable in cell extracts (7) . We also observed that hydrogenase activity in aerobically prepared cell extracts of A. vinelandii hoxZ mutant cells was very unstable. In wild-type cells, 46% of the activity observed in whole cells was accounted for in aerobically prepared cell extracts. In contrast, in the hoxZ mutant strain, less than 1% of the activity observed in whole cells was accounted for in similarly prepared cell extracts. When cell extracts were prepared anaerobically, higher activities were observed in the hoxZ mutant (Table 2) . Therefore, it appears that one role of the hoxZ gene product is in stabilizing hydrogenase. The mechanism by which this occurs is not clear. Perhaps the product of hoxZ is involved in stabilizing hydrogenase towards 02. Hydrogenase in wild-type cells is stable towards 02 while bound to the membrane (9, 19) . In experiments with R capsulatus, in contrast to those with A. vinelandii, no increase in hydrogenase stability in extracts of hupM-defective cells was found when 02 was excluded (7) .
Role 4, attachment of hydrogenase to the membrane. The derived amino acid sequence of the haxZ polypeptide product contains several regions that are consistent with membrane-spanning regions. Hydrogenase in A. vinelandii, as with several other microorganisms, is tightly bound to the membrane and requires treatment with a detergent for solubilization. However, once solubilized the continued presence of a detergent is not required to maintain the hydrogenase in a soluble state. This would be consistent with the attachment of hydrogenase to another polypeptide that is embedded in the membrane. Such a role was proposed for the hupM gene in R. capsulatus (7) and the hyaC gene in E. coli (12) and was considered for hoxZ inA. vinelandii in this work. Unfortunately, the straightforward test of this proposal-fractionation of cells and determination of the location of hydrogenase activity-did not provide definitive results because of the instability of the hydrogenase in cell extracts of hoxZ mutant cells (Table 2 ). However, Western blots revealed that comparable levels of hydrogenase were present in membrane extracts of wild-type and hoxZ mutant cells. While this appears to rule out binding of hydrogenase to the gene product of hoxZ as the only means of anchoring the hydrogenase to the membrane, it does not rule out the possibility that hydrogenase forms a stable, tight complex with the hoxZ gene product. It is noteworthy that we consistently observed more hydrogenase activity in the soluble fraction of hoxZ mutant cells than in wild-type cells. The possibility that a truncated product of the defective hoxZ gene still anchors the hydrogenase cannot be discarded.
The various roles proposed for the gene product of hoxZ are not necessarily mutually exclusive. For example, the same protein which serves to mediate electron flow from the cell to hydrogenase to maintain the enzyme in the reduced active state (role 1) could also mediate electron flow from hydrogenase to the electron transport chain (role 2). Likewise, the mechanism by which the hoxZ gene product stabilizes hydrogenase (role 3) could involve its ability to transfer electrons to and from hydrogenase. If hydrogenase forms a complex with the product of hoxZ, then this could form at least a part of the mechanism by which hydrogenase is anchored to the membrane (role 4).
A scheme which summarizes the results of this study and the putative roles of the hoxZ gene product is presented in Fig. 4 . To activate hydrogenase, a flow of electrons from the cell through hoxZ to hydrogenase is proposed. The predominant direction of electron flow, possibly through hoxZ, is from hydrogenase to the electron transport chain. In the absence of hoxZ, H2 oxidation coupled to 02 still occurred, albeit at a much lower rate (Fig. 2) . Therefore, an alternate electron transport is proposed, although it is not clear whether this alternate pathway has any physiological significance. Determination of whether the hoxZ gene product and hydrogenase form a complex in the membrane awaits further experimentation.
